The human ear is a delicate sensory apparatus of hearing for normal communication, and its proper functioning is highly dependent on mitochondrial oxidative phosphorylation. The first mitochondrial point mutation for nonsyndromic and aminoglycoside-induced hearing loss was identified in 1993. Since then a number of inherited mitochondrial mutations have been implicated in hearing loss. Most of the molecular defects responsible for mitochondrial disorder-associated hearing loss are mutations in the 12S rRNA gene and tRNA genes. In this review, after a short description of normal hearing mechanisms and mitochondrial genetics, we outline the recent advances that have been made in the identification of deafness-associated mitochondrial mutations, and discuss how mitochondrial dysfunction contributes to hearing loss.
Introduction
Hearing loss (hearing impairment/deafness) is the most common sensory disorder in human affecting one in 1 000 newborns [1] , and 10% of people aged 65 years or older suffer sufficient hearing loss to benefit from hearing amplification [2, 3] . Hearing loss can be caused by genetic and environmental factors. Single-gene mutations can also lead to hearing loss. It is estimated that more than 50% of pediatric cases have a genetic etiology with autosomal dominant, autosomal recessive, X-linked, or mitochondrial mode of inheritance [4, 5] . There are two monogenic forms of hearing loss including syndromic (characterized by hearing loss in combination with other abnormalities) or nonsyndromic (with only hearing loss) ones. Up to now, more than 130 genetic loci have been described for nonsyndromic deafness [6] that accounts for about 60-70% inherited hearing impairment in human. Although most hereditary hearing loss is due to nuclear gene defects, it has become clear in recent years that mitochondrial genes also play an important role. Mutations in mitochondrial DNA (mtDNA) can cause both syndromic and nonsyndromic hearing loss [5, [7] [8] [9] [10] [11] . Causative mtDNA mutations were found in approximately 5% of patients in both southern Italy and UK populations with postlingual but early-onset nonsyndromic hearing impairment [12] . In another recent report by Hsu et al. [9] , deleterious mtDNA point mutations and/or abnormal mtDNA content or multiple deletions were identified in 20 of 31 subjects with definite mitochondrial syndromic hearing loss, and most of the molecular defects responsible for mitochondrial disorder associated with hearing impairment were mutations in tRNA and rRNA genes. These findings suggest that mitochondrial mutations may be a frequent cause of hearing impairment.
This review focuses on normal hearing mechanisms, the basic mitochondrial genetics, and the most common mutations associated with hearing loss in mitochondrial rRNA and tRNA genes. We also briefly discuss the mechanisms by which mtDNA mutations lead to human hearing disorders.
transmitted by the outer ear to the tympanic membrane. In response to sound waves, the vibrations of the tympanic membrane are amplified by the ossicular chain of the middle ear to generate compression waves (traveling waves) in the fluid-filled cochlea. The waves move the tectorial membrane in the cochlear duct and produce a shearing motion, which bends the stereocilia of the sensory hair cells of Corti's organ [11] .
There are two kinds of sensory cells in the cochlea: the inner hair cell and the outer hair cell (Figure 1 ). The inner hair cells are pure sensory cells that transmit signals to the acoustic nerve and the auditory cortex. The outer hair cells have both sensory and motor elements that contribute to hearing sensitivity and frequency selectivity [13] . Each hair cell is crowned at its apical pole by a hair bundle called stereocilia. The tip of the stereocilia contains the cationic channel [14] . Deflection of the stereocilia induced by traveling waves opens nonspecific ion channels at the tip of the stereocilia, resulting in current flow (K + ) into the sensory cells. The potassium flux arises from the endocochlear potential of about +80 mV that is added to the negative intracellular potentials of hair cells. This potassium influx results in a change in membrane potential that is proportional to the intensity of the acoustic stimulus. The resulting intracellular depolarization of the hair cells activates the voltage-sensitive calcium channels on the basolateral side of the cells, leading to calcium influx into the hair cells. Consequently, the calcium inflow triggers the release of neurotransmitters into postsynaptic terminals that activate the afferent nerve fibers [13] .
Normally, the endolymph in the cochlear duct has a high potassium and low sodium concentration, and is maintained at a high positive resting potential, the endolymphatic potential. The endolymphatic potential is not generated in response to acoustic stimulation, but arises from the stria vascularis, a structure on the lateral wall of the cochlear duct responsible for generating the endolymph. The stria vascularis is considered to be the energy source of the cochlea, crucial for the transduction process. The nature of the energy source is related to the heavy vasculature of the stria vascularis and Na-K-ATPase. To maintain a normal endolymphatic potential, it is clearly important that potassium ions accumulated in the hair cells during acoustic stimulation are secreted back into endolymph. Firstly, they pass through potassium channels into the supporting cells. The potassium then passively diffuses through gap junctions from cell to cell until it reaches the stria vascularis. There, it is actively pumped back into the endolymph by Na-K-ATPase pumps, thereby resetting the electrochemical properties and resulting in the efficient energy-yielding process of acoustic transduction [15] .
Thus, the proper functioning of the cochlea involves several steps such as membrane depolarization, ion transport, and transmitter release. All these sequences of events must be properly operated for normal hearing. Any malfunction in the genes involved in the cochlear functions can lead to hearing impairments. As we know, cochlear hair cells are abundant with mitochondria ( Figure 1 ), suggesting that hearing is strongly dependent on mitochondrial function.
Mitochondrial genetics
Mitochondria are found in all nucleated cells as the principal generators of cellular energy, i.e. adenosine 5′-triphosphate (ATP), by oxidative phosphorylation (OXPHOS). Mitochondria are the only location of extrachromosomal DNA within the cell, and they are under the dual genetic control by both nuclear DNA and the mitochondrial genome [10] .
There are hundreds of mitochondria in each cell. Each of these mtDNA molecules, which is a double-stranded closed circle, is 16 569 bp in length in human, and the total mtDNA comprises only about 1-2% of the total DNA in mammalian cells. The mitochondrial genome encodes 13 essential polypeptides of OXPHOS as well as two rRNAs and 22 tRNAs, which are required for assembling a functional mitochondrial protein-synthesizing system ( Figure 2 ) [10, 16] . The 13 mRNAs are translated into 13 proteins on mitochondrion-specific ribosomes by using a mitochondrion-specific genetic code. These proteins interact with approximately 60 nuclear encoded proteins to form the five enzyme complexes required for OXPHOS. These complexes are integrated into the mitochondrial inner membrane, and are involved in electron transport and ATP synthesis. Mitochondria are not only essential for the generation of cellular energy but also for the control of apoptosis, and they are the major producers of reactive (Table 1 ) [10] . Owing to maternal inheritance, disease manifestation can only be passed through the matrilineal line. Because mitochondria have a low activity DNA repair system and no histones, and are continuously exposed to oxygen radicals that are leaked from the mitochondrial electron-transfer chain, somatic mutations in mtDNA are common [10] . Normally, most healthy individuals appear to have only a single mtDNA genotype (i.e., are homoplasmic), but, in many mitochondrial disease states, there are mixed mtDNA genotypes (i.e., heteroplasmic). The amount of heteroplasmy varies from tissue to tissue, and for cells within a tissue. The severity of the symptoms does not always correlate well with the proportion of mutant mitochondrial chromosomes, as different organs rely on mitochondrial OXPHOS to a different extent. The variable clinical phenotypes may be due to organ-specific energetic vulnerability [18] . Phenotypic heterogeneity also exists in the case of homoplasmy, which presumably results from different nuclear genetic backgrounds or mitochondrial haplotypes. Comprehen- Mitochondrial rRNA and tRNA and hearing function 230 npg sive reviews of normal mitochondrial genetics have been published (e.g. see [10] ).
Mitochondrial defects and hearing loss
Mitochondrial defects can be inherited or acquired. Inherited mtDNA mutations are responsible for many clinical abnormalities, including various forms of neuropathy, myopathy, cardiomyopathy, retinal degeneration, diabetes mellitus, and sensorineural hearing loss (SNHL) [5, 7, 8, 11, 13, 19] . In addition, there is increasing evidence that acquired mtDNA mutations are involved in aging and age-related diseases such as presbycusis [19] , cancer, and diabetes [10] . Progressive hearing loss can be one of the symptoms in many patients with classic mitochondrial disorders, such as the myoclonic epilepsy and ragged red fibers (MERRF) [20] , Kearns-Sayre syndrome (KSS) [21] , and mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) [22] . Hearing loss can also be the only presentation of mitochondrial defect, suggesting that hearing is strongly dependent on mitochondrial function [5] . Inherited deafness-associated mtDNA mutations usually occur in the genes encoding proteins or genes for components of the protein-synthesizing apparatus, i.e. rRNAs and tRNAs. These data have recently been reviewed [5, 7, 8, 11, 19] , which are summarized with the inclusion of the most recent data in Table 2 . In this observation, only those mtDNA mutations identified in families and/or suggested by functional studies were selected. Other mtDNA variants, whose relationship with hearing loss has been reported in sporadic individuals while lacking biochemical evidence, were not included even though some could represent rare pathogenic mutations.
Mitochondrial rRNA mutations and nonsyndromic hearing loss
Mitochondrial rRNA mutations associated with SNHL were only found in the 12S rRNA gene. Mutations in this gene cause aminoglycoside-induced and nonsyndromic SNHL, which may be due to the A1555G [23] [24] [25] [26] [27] , C1494T [28] , T1095C [34] [35] [36] [37] , A827G [40, 41] , and 961 mutations [30] [31] [32] [33] . No deafness-associated mutations in the mitochondrial 16S rRNA gene have been detected.
The A1555G mutation in the 12S rRNA gene was first described in a large Arab-Israeli pedigree [23] and [24] [25] [26] [27] [64] [65] [66] [67] . The mutation can be found in 0.6-2.5% of the Caucasian clinical population with nonsyndromic SNHL [68] . In the Asian nonsyndromic hearing-impaired populations, the incidence of the A1555G mutation appears to be higher than in Caucasians: 2.9% in Chinese [39] , 3% in Japanese [69] , and 5.3% in Indonesia [70] . In a recent study, however, it has been reported that as much as 17% of Spanish population with postlingual nonsyndromic hearing loss assessed in a single Otolaryngology Department carried this mutation [71] ; and this is a very high rate of incidence, which is not comparable to other Caucasian populations. Usually, the A1555G mutation occurs in homoplasmy, but in some families the heteroplasmic state was identified [72] . SNHL for this mutation may be triggered by the use of aminoglycosides, and may also occur without exposure to these drugs [8] . In the absence of aminoglycosides, the A1555G mutation produces a variable clinical phenotype among family members [23, 26] . Also, the penetrance differs between families for this mutation.
In some pedigrees, most of the individuals carrying the A1555G mutation subsequently develop SNHL [27] , but, in others, the penetrance may be extremely low [73, 74] . These findings indicate that the A1555G mutation itself is not sufficient to produce a clinical phenotype but requires the involvement of modifier factors for the phenotypic expression. Clinical, genetic, and biochemical data have shown that the aminoglycoside antibiotics [23] , mitochondrial haplotypes [33] , and nuclear modifier genes [75] [76] [77] are three major modulators for the phenotypic expression of the deafness-associated 12S rRNA mutations. The A1555G mutation is located at a highly conserved region of 12S rRNA that is an essential part of the decoding site of the small ribosomal subunit and important for the action of aminoglycosides [78] . In human, the nucleotide at position 1 555 in the 12S rRNA gene in wild-type cells is A, and, when A is mutated to G, it would pair with C at position 1 494 [5, 68] . This transition makes the secondary structure of 12S rRNA more closely resemble the corresponding region of Escherichia coli 16S rRNA, which consequently leads to defects in mitochondrial translation and protein synthesis [79] . This new G-C pair is also expected to create a binding site for aminoglycosides, which facilitates interaction with the drugs [80] . Although hearing loss caused by A1555G mutation is usually nonsyndromic, additional symptoms including Parkinson disease and cardiomyopathy have been [8] .
In studies of a large Chinese family with maternally transmitted aminoglycoside-induced and nonsyndromic hearing loss, Zhao et al. [28] identified a novel C1494T mutation in the mitochondrial 12S rRNA gene. In the absence of aminoglycosides, some matrilineal members exhibited late-onset and progressive SNHL, with variable severity and age of onset. Clinical observation showed that the use of aminoglycosides can induce or worsen hearing loss in matrilineal relatives. More recently, Wang et al. [29] reported another Chinese family with aminoglycoside-induced and nonsyndromic hearing loss. Sequence analysis of mtDNA in this pedigree also identified a homoplasmic 12S rRNA C1494T mutation in matrilineal subjects. Zhao et al. [28] suggested that the C1494T mutation would form a new U1494-1555A base pair at the highly conserved aminoacyl-tRNA-binding site (A-site) of the 12S rRNA, which is in the same position as the C1494-1555G pair created by the A1555G mutation. In lymphoblastoid cell lines derived from individuals carrying the C1494T mutation, exposure to a high concentration of paromomycin or neomycin caused a variable but significant increase in doubling time, as well as a significant decrease in the rate of total oxygen consumption as compared with controls [28, 81] . These results suggest that the C1494T mutation is a primary factor related to hearing loss and that the nuclear genetic background may play a role in the phenotypic expression associated with this mutation.
The T1095C mutation in the 12S rRNA gene was first identified in an Italian family with deafness, neuropathy, and Parkinsonism [34] . This mutation was also found in another Italian family with maternally inherited hearing loss [35] , a Chinese woman with pure auditory neuropathy [36] , and four Chinese patients with aminoglycoside-induced and nonsyndromic SNHL [37, 39] . Thus, the T1095C mutation is expected to cause both syndromic and nonsyndromic hearing loss. This T-to-C transition disrupted an evolutionarily conserved base-pair at stem loop of helix 25 of 12S rRNA [68, 82] , resulting in impaired translation in mitochondrial protein synthesis and a significant reduction of cytochrome c oxidase activity [34] , thereby causing the mitochondrial dysfunction associated with hearing loss [68] .
Several mutations at position 961 in the 12S rRNA gene have been found in sporadic individuals and genetically unrelated families with aminoglycoside-induced and/or nonsyndromic SNHL. These include ET961C n mutation (The word "ET961C n " means "the deletion of the T nucleotide at position 961 of the mitochondrial 12S rRNA gene, combined with a variable increase in the number of C nucleotides surrounding position 961". This mutation can also be described as "961delT + C(n)".) and 961-C insertion in Caucasian and Asian subjects [30-33, 39, 83] , T961G mutation in Caucasian patients [38] , and T961C mutation in Chinese subjects [39] . The findings clearly indicate that mutation at position 961 is involved in the pathogenesis of hearing impairment [5, 68] . The 961 mutation localizes at the C-cluster of the region between loop 21 and 22 of 12S rRNA [82] , which is not very evolutionarily conserved. It is postulated that alteration of the tertiary or quaternary structure of the rRNA caused by the 961 mutation may indirectly affect the binding of aminoglycosides and result in a mitochondrial translation defect [5, 68] .
More recently, two Chinese pedigrees with maternally inherited nonsyndromic hearing loss have been reported, and a homoplasmic A827G mutation in the 12S rRNA gene in matrilineal relatives has been shown [40, 41] . Clinical data indicated a strikingly similar phenotype of hearing loss in these families, being moderate to severe, bilateral, and sensorineural with flat configurations. In contrast with the congenital or early-onset hearing impairment in one family carrying the A827G mutation [40] , three patients in another pedigree developed hearing loss only after administration of aminoglycosides [41] . The discrepancy likely reflects the difference of genetic backgrounds between two families. This mutation was also previously detected in several sporadic individuals with aminoglycoside-induced and/or nonsyndromic SNHL [38, 39] . The pathogenicity of the A827G mutation is strongly supported by the occurrence of the same mutation in these genetically unrelated subjects. The A827G mutation is located at the A-site of the mitochondrial 12S rRNA gene, which is highly evolutionarily conserved. It is possible that this mutation may lead to mitochondrial dysfunction.
Mitochondrial tRNA mutations associated with nonsyndromic hearing loss
Mitochondrial tRNA genes are one of the hot spots for mutations in maternally inherited SNHL, as a number of deafness-associated mutations have been identified in four of the 22 tRNA genes including the tRNA Ser(UCN) gene, tRNA Leu(UUR) gene, tRNA Lys gene, and tRNA Glu gene ( Table  2) [5, 6, 11] . Usually, mutations in the tRNA Ser(UCN) gene cause nonsyndromic SNHL, while defects in three other tRNA genes cause only syndromic hearing impairment.
In the mitochondrial tRNA Ser(UCN) gene, five nonsyndromic deafness-associated mutations, A7445G [42] [43] [44] , 7472insC [45] [46] [47] , T7510C [48, 84] , T7511C [49] [50] [51] [52] [53] , and G7444A [55] [56] [57] , have been found in families from various ethnic backgrounds. These mutations often occur in homoplasmy or in high levels of heteroplasmy, indicating a high threshold for pathogenicity. It is believed that mutations in this gene can cause a failure in tRNA metabolism, thereby npg leading to a decrease in the amount of affected tRNAs, which subsequently results in insufficient mitochondrial protein synthesis and the respiration defects [85] .
The A7445G mutation was first described in a family from Scotland [42] , and established in two unrelated pedigrees from New Zealand [43] and Japan [44] . In the latter two pedigrees, a mild form of the skin condition palmoplantar keratoderma also segregates in the matrilineal line, and the penetrance of this mutation for hearing loss is much higher than in the Scottish pedigree. This discrepancy seems to be due to a difference in mitochondrial haplotype. In the New Zealand pedigree, three additional sequence changes in complex I protein genes were also detected [43] , but similar changes were not found in the Scottish pedigree [86] . The A7445G mutation is a silent change of both the last nucleotide of the COI gene on the heavy strand and the nucleotide immediately adjacent to the 3′ end of the tRNA Ser(UCN) gene on the light strand. It is possible that the mutation may affect normal processing of the light-strand polycistronic RNA and lead to significant decreases in the levels of both tRNA Ser(UCN) and cotranscripted ND6 mRNA, which subsequently disturbs both mitochondrial protein synthesis and respiration of the mutant cells [85] . A recent study has indicated that the biochemical phenotype associated with the A7445G mutation was modified by nuclear background [87] .
The 7472insC mutation in the tRNA Ser(UCN) gene was described originally in a Sicilian family [45] . Most individuals carrying this mutation had progressive SNHL, and some of them were accompanied by a widespread neurological disease including ataxia, dysarthria, and myoclonic seizures. This mutation was later found in a large Dutch family [46] and in several sporadic subjects with nonsyndromic hearing loss [47] . In the Dutch family, the hearing loss is sensorineural progressive with onset in early adulthood, and only a single family member with hearing loss showed accompanying neurological symptoms. The mutation is heteroplasmic, although most individuals have over 90% of abnormal mitochondrial chromosomes in the tissues examined [46] . The 7472insC mutation seems to occur multiple times in the European population than others. The mutation alone is usually sufficient to cause hearing loss, and when present at very high levels it can also lead to neurological dysfunction [88] . Biochemical data showed that cell lines carrying this mutation produced a significant decrease in the level of this tRNA, which was combined with a small but clear decrease in the extent of aminoacylation. Only very subtle effects on structure or stability were found [89, 90] .
In a British family with maternally inherited nonsyndromic hearing loss, a heteroplasmic T-to-C transition at nucleotide 7510 of the tRNA Ser(UCN) gene was found to be the pathogenic mutation [48] . The same change was also identified in a Spanish pedigree [84] . This mutation is predicted to disrupt base pairing in the acceptor stem of the tRNA, thus causing mitochondrial dysfunction. The T7511C mutation has been identified to be associated with nonsyndromic SNHL in several families from different ethnic groups, including African [49, 50] , French [52] , and Japanese [51] . This mutation often exists in homoplasmy in most matrilineal relatives and in a high level of heteroplasmy in some matrilineal relatives. However, the levels of homoplasmy and heteroplasmy did not correlate with the severity and age of onset of hearing loss [49] [50] [51] [52] [53] . Despite sharing some common features, matrilineal relatives of intra-families or inter-families carrying the T7511C mutation exhibited variable severity, age of onset, and progression in hearing loss [49] [50] [51] [52] . These pedigrees also differ considerably in the penetrance of the T7511C mutation [50] [51] [52] . The high variability suggests the existence of genetic and/or environmental factors modifying the phenotypic expression of this mutation. Interestingly, the homoplasmic ND1 T3308C and tRNA Ala T5655C mutations were found in all maternal members of the African American pedigree [50] . A functional study in cybrid cell lines derived from affected individuals in this family has shown that the T7511C mutation leads to ~75% decrease in the tRNA Ser(UCN) level [91] . Furthermore, the T5655C mutation produces ~50% reduction in the tRNA Ala level, and the T3308C mutations causes a significant decrease both in the amount of ND1 mRNA and co-transcribed tRNA Leu(UUR) [91] . It is reasonable that a combination of the T7511C mutation with two other mtDNA variants may lead to significant biochemical defects in mutant cell lines, and may probably account for the high penetrance of hearing loss in this African American family.
The fifth nonsyndromic deafness-associated mutation in the mitochondrial COI/tRNA Ser(UCN) gene is the G7444A substitution, which was first identified to coexist with the A1555G mutation in six Mongolian subjects and a Chinese pedigree with aminoglycoside-induced SNHL [55, 56] . This mutation was implicated to be associated with nonsyndromic SNHL [55] or to influence the phenotypic expression of hearing loss associated with the A1555G mutation [56] . The pathogenicity was supported by a recent observation of two Chinese families with aminoglycosideinduced and nonsyndromic SNHL, in which the homoplasmic G7444A mutation was present only in the maternal lineage but not in other members of these pedigrees and 164 Chinese controls [57] . The G7444A mutation is adjacent to the 3′ end endonucleolytic processing site of the L-strand RNA precursor, spanning tRNA Ser(UCN) , and ND6 mRNA. Thus, the G7444A mutation, similar to the A7445G mutation, may also cause a defect in the processing of the L- [57] . However, a functional analysis seems necessary to confirm the speculation and to determine if this mutation is sensitive to aminoglycosides.
Mitochondrial tRNA mutations associated with syndromic hearing loss
Unlike mutations in the tRNA Ser(UCN) gene that usually cause nonsyndromic SNHL, mutations in three other mitochondrial tRNA genes including tRNA Leu(UUR) gene, tRNA Lys gene, and tRNA Glu gene have been associated only with syndromic hearing impairment (Table 2 ) [5, 6, 11] . The most common forms of mitochondrial syndromic hearing loss are acquired mitochondrial neuromuscular syndromes such as KSS, MERRF, MELAS, as well as maternally inherited diabetes mellitus and deafness (MIDD). Because of the higher energy requirement of nervous tissue, it is not unexpected that generalized neuronal dysfunction caused by mutation in patients with mitochondrial disorders may also express in the auditory system [19] .
In 1992, several families with MIDD were described and found to harbor the identical A3243G mutation in heteroplasmy in the tRNA Leu(UUR) gene [58, 92] , which interestingly was also identified in subjects with systematic MELAS syndrome [8, 22, 93] . Furthermore, the heteroplasmic point mutations T14709C in the tRNA Glu gene [61, 62] and A8296G in the tRNA Lys gene [60] were also found to be associated with MIDD. In these patients, the hearing loss is sensorineural and it develops usually after the onset of diabetes. Other heteroplasmic mtDNA mutations implicated to be associated with maternally inherited syndromic hearing loss are C3256T in the tRNA Leu(UUR) gene, A8344G, and T8356C in the tRNA Lys gene [11, 18, 59] . These three mutations account for MERRF, a disease characterized by myoclonus, epilepsy, and ataxia, in which the degree of hearing loss is variable.
The only pathogenic mutation identified in the tRNA Ser(UCN) gene causing syndromic SNHL is a T-to-C transition at position 7 512. The patients carrying this mutation develop SNHL, ataxia, myoclonic epilepsy, and mental retardation [54] . Similar to the T7510C mutation, the T7512C mutation disrupts a highly conserved base pair in the acceptor stem of the tRNA.
mtDNA mutations and aminoglycoside ototoxicity
Aminoglycoside antibiotics, such as gentamycin, streptomycin, kanamycin, and tobramycin, are drugs widely used for controlling bacteria-related infections, especially in developing countries. They are known to exert antibacterial effects by directly binding to the 16S rRNA of the bacterial ribosome, causing insufficient protein synthesis [94] . It is evidenced that the A-site of the small ribosomal RNA is the primary target site for aminoglycoside antibiotics [95] . However, when administrated with high doses or for a long period, these drugs may become concentrated in fluids of the cochlea and potentially lead to ototoxicity [96] . Clinically, some patients developed hearing loss after treatment with only conventional doses, or even with a single dose of drug or over a short period. These cases of aminoglycoside ototoxicity may have a genetic predisposition with various patterns of inheritance [68] . Interestingly, in familial cases of ototoxic deafness, the aminoglycoside hypersensitivity is predominantly transmitted through maternal inheritance, suggesting mitochondrial genome involvement [19] . As the human mitochondrial ribosomes share many similarities to bacterial ribosomes, it is proposed that one of the primary targets for the aminoglycoside antibiotics in human cells is 12S rRNA of mitochondrial ribosome [5] .
By now, several mutations including A1555G [23] [24] [25] [26] [27] , C1494T [28] , T1095C [34] [35] [36] [37] , A827G [40, 41] , and 961 mutation [30] [31] [32] [33] in the mitochondrial 12S rRNA gene have been found to be associated with nonsyndromic hearing loss. Surprisingly, all of these mutations are sensitive to aminoglycosides as indicated by extensive clinical observations and functional studies [5, 41, 68] . The A1555G mutation seems to be the most common cause of aminoglycoside-induced hearing loss, especially in those cases with a family history [7, 96] . This mutation accounts for 33% of a Japanese outpatient population with a history of exposure to aminoglycosides [69] , while 13% of the Chinese pediatric subjects with aminoglycoside ototoxicity carry the A1555G mutation [39] . In two Caucasian populations, 17% and 17.7% of cases in US and Spanish cohorts with aminoglycoside ototoxicity harbor this mutation, respectively [26, 97] . All of these indicate that the mitochondrial genome, especially the 12S rRNA gene, is a hot mutation spot for nonsyndromic SNHL as well as aminoglycoside ototoxicity.
Based on the genetic and biochemical evidence, Guan [5] has hypothesized the following mechanism for aminoglycoside susceptibility. The drugs accumulate in the mitochondria of the inner ear after administration, where they inhibit mitochondrial protein synthesis by interacting with the 12S rRNA, which in turn causes a decrease in ATP production in the cochlear hair cells. At the same time, the defects in OXPHOS lead to increased generation of reactive oxygen species, thereby damaging mitochondrial and cellular proteins, lipids, and nucleic acids. Consequently, the mitochondrial permeability transition pore opens, leading to activation of apoptosis. This results in cochlear dysfunction or cell death and gives rise to hearing loss.
Mutations in mitochondrial 12S rRNA represent a mo-npg lecular basis for aminoglycoside ototoxicity in a significant portion but do not account for all the cases [68] , it is thus anticipated that additional mutations causing drug susceptibility can be found in the mitochondrial genome. Recently, the G7444A mutation in the tRNA Ser(UCN) gene has been described in two Chinese families with aminoglycosideinduced hearing loss [57] ; however, its pathogenicity has not been established.
The mechanisms by which mitochondrial dysfunction causes hearing loss
Extensive audiological and clinical observations of subjects with mitochondrial diseases suggested a cochlear dysfunction owing to outer hair cell damages [27, 71, 98] and the presence of intact acoustic nerve [99] . Histological studies of the inner ear from mitochondrial deafness patients and experimental animals showed advanced cochlear degeneration including organ of Corti, stria vascularis, and supporting cells [7, 100] . Similar pathological changes were not observed in the vestibule, semicircular canal, or among the vestibular nerve fibers [100] .
Thus, the cells most likely involved by a mitochondrial defect are the sensory hair cells and those of the stria vascularis in the cochlea. However, it is still unclear how mtDNA mutations induce hearing loss. Deficiencies in mitochondrial OXPHOS appear to be the main pathogenic factors, although the reactive oxygen species generation and altered apoptotic signaling may also play a role [101] . One possibility could be the heavy dependence of the energy metabolism of the organ of Corti and the stria vascularis on mitochondrial OXPHOS [102] . The progressive accumulation of the mutant mtDNA with age causes a decline in the OXPHOS capacity. Energy-dependent ATPase and the release of neurotransmitters in the cochlea are then suppressed by reduced ATP production [102] . Another possibility is a disturbance in ion transport, leading to a reduction in the efficiency of acoustic transduction [7, 102] . As we know, the stria vascularis is the most metabolically active site in the cochlea, and its primary function is to maintain the ionic environment of hair cells [103] . This requires ATP-dependent pumps to secrete potassium ions back into the endolymph against an ionic gradient. The declined production of ATP owing to mitochondrial dysfunction may slow down these pumps, which in turn leads to an imbalance of ionic environment in the inner ear, and a pronounced reduction of the capacity for the cochlea to detect and transmit sound waves [7] . Also, the reduced ATP production would activate both nonselective cation channels and I SK channels in the strial marginal cells and inactivate the Ca 2+ -ATPase in the outer hair cells [102] .
Summary
The human ear is a complicated sensory organ that has specialized hair cells to detect mechanical stimuli of sound and convert them into afferent nerve signals. These sensory cells are also extremely fragile to a number of intrinsic and extrinsic factors that are responsible for hearing loss. The maintenance of normal hearing mechanism is highly dependent on the ATP produced by mitochondrial oxidative phosphorylation.
Over the past decades, mitochondrial defects have been implicated in many degenerative diseases as well as hearing impairment. Inherited deafness-associated mtDNA mutations usually occur in the genes encoding proteins or genes for components of the protein-synthesizing apparatus, i.e. rRNAs and tRNAs. Up to now, five point mutations in the mitochondrial 12S rRNA gene have been found to be associated with nonsyndromic SNHL, and these mutations also account for most of the cases of aminoglycoside ototoxicity. Another hot spot for mutations associated with hearing loss is tRNA Ser(UCN) gene, as six deafness-associated mutations have been identified in this gene. In addition, the defects in three other tRNA genes including tRNA Leu(UUR) gene, tRNA
Lys gene, and tRNA Glu gene have been found only with syndromic SNHL. Usually, a single mutation in the mitochondrial rRNA gene or tRNA gene is not sufficient to cause hearing loss, but requires the contribution of other modulating factors such as nuclear modifier gene(s), environment factor(s), or mitochondrial haplotypes for the phenotypic expression.
How mitochondrial dysfunction contributes to the pathogenesis of hearing loss is still unclear. The essential role of mitochondrial OXPHOS in cellular energy production, the generation of reactive oxygen species, and the initiation of apoptosis may suggest a number of novel mechanisms for mitochondrial deafness.
